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 ,QWURGXFWLRQ
,QUHVHQW\HDURIUHVHDUFKHVDUHPDLQO\IRFXVHGRQPDWHULDOVLQWKHSURGXFW+HQFHPDWHULDOVDUHWKHEDFNERQHRI
DOO WKH SURSHUWLHV RI WKH HQG DSSOLFDWLRQV LQ HQJLQHHULQJ DQG WHFKQRORJ\ ,Q PDQ\ UHVHDUFKHV DUH H[SRVHG
GHYHORSPHQWVLQPDWHULDOVXQGHUDOOILHOGVRILWVDOODSSOLFDWLRQV$PRQJWKHVHFRUURVLRQLVRQHRIIDFWRUWRFRQVLGHU
LQ WKH LQGXVWU\ OLNH WH[WLOH OHDWKHU FKHPLFDO DQG IRRG SXOS DQG SDSHU+DQ\ 0RKDPHG 0 *
)RQWDQD$EGDOOD $EXONLEDVK$O6DEDJK6 . 6LQJK ,Q WKRVH SDSHUV LWV XQGHUVWRRG
WKDW3XUHPHWDOVDQGWKHLUDOOR\VWHQGWRHQWHULQWRFKHPLFDOXQLRQZLWKWKHHOHPHQWVRIDFRUURVLYHPHGLXPWRIRUP




DQQXDO FRUURVLRQ UDWH RI HOHFWURO\WLF FRSSHU LQGLIIHUHQW ]RQHV RI 3HUXYLDQ VHDZDWHU DQGPDULQH DWPRVSKHUH LQ D
JURZLQJ RUGHU KDV EHHQ LQFUHDVLQJ LQ WKH IROORZLQJZD\ DWPRVSKHULF ]RQH PP\HDU VSODVK ]RQH 
PP\HDUIXOOLPPHUVLRQ]RQHPP\HDUDQGZLWKWKHODUJHVWYDOXHPP\HDULQWKH KDOI OLQHRIWLGH ±
ZDWHU ERXQGDU\ $ELROD2. )UHGULF7 8NRED2. ,Q WKRVHSDSHUV LW FDQEH FRQFOXGHG WKDW
&RUURVLRQ %HKDYLRU RI &DVW ,URQ LQ 'LIIHUHQW $TXHRXV 6DOW 6ROXWLRQV  OLNH 1D&O .&O 1D62&D&O 0J62
0Q621D12.%U &D&21D+&2DQG ODVWO\3E12$UHFRQVLGHULQJ LQ WKH WHVWRI WRWDO LPPHUVLRQ WHVW
DQG 7DIHO H[WUDSRODWLRQ FXUYHV DQG WKH RUGHU RI FRUURVLRQ LQ YDULRXV VDOW VROXWLRQV
LV1D&O!.&O!1D62!&D&O!0J62!0Q62!1D12!.%U!&D&2!1D+&2!3E 12 IRU GD\V &RUURVLRQ
%HKDYLRU RI'XFWLOH ,URQ LQ XQGHU WKH HQYLURQPHQWDO WHVW LQRXWVLGH DWPRVSKHUH DV WKH UHVXOW SHULRG LQFUHDVHV WKH
FRUURVLRQ UDWH GHFUHDVHV 1DXVKD $VUDU2OXZROH 22,Q WKRVH SDSHUV LW LV REVHUYHG WKDW 0LOG VWHHO
XQGHUWKH,PPHUVLRQ 7HVW&RUURVLRQ/RRS7HVWDQG2SHQ&LUFXLW3RWHQWLDO2&30HDVXUHPHQWDQGWKHUHVXOWDUH
FDUULHGRXW  WKH2SWLPXPFRQFHQWUDWLRQRI VLOLFDWHGHSHQGVXSRQ WKHGLVVROYHGR[\JHQDQG WKHUDWHRI IORZRI WKH
ZDWHU$OWKRXJK WKHFRUURVLRQ UDWHVRI WKH VWHHO LQ G\QDPLFFRQGLWLRQDUH,QYDULDEO\KLJKHU WKDQ WKRVHXQGHU VWDWLF
FRQGLWLRQEXW VLOLFDWH DFWVPRUH HIIHFWLYHO\ DV DQ LQKLELWRUZKHQ WKH ZDWHU LV LQG\QDPLF FRQGLWLRQ 7KH&KHPLFDO
&RPSRVLWLRQ$QDO\VLVDQG&RUURVLRQ3HQHWUDWLRQ5DWH&35'HWHUPLQDWLRQ8VLQJ:HLJKW/RVVPHWKRGWKHFDUERQ
VWHHO DUH DQDO\]HG LQ WKH PHGLXP RI 6RGLXP&DUERQDWH 7KH UHVXOWV RI WKLV H[SHULPHQWDO VWXG\ KDYH VKRZQ WKDW
XQSODQWHG0&6 LV JHQHUDOO\ XQUHOLDEOHPDWHULDO LQ VRGLXP FDUERQDWH VROXWLRQ GXH WR LWV ORZ FRUURVLRQ UHVLVWDQFH
FKDUDFWHULVWLFV 1LFNHO DQG *ROG SODWHG 0&6V JHQHUDOO\ KDYH KLJK FRUURVLRQ UHVLVWDQFH EHKDYLRU LQ 1D&2
HQYLURQPHQW$OWKRXJKJROGSODWHG0&6KDVDVOLJKWO\EHWWHUFRUURVLRQUHVLVWDQFHFKDUDFWHULVWLF WKDQQLFNHOSODWHG
RQH WKH\ DUH ERWK UHOLDEOH DOOR\ PDWHULDOV IRU IDEULFDWLRQ RI GHFRUDWLYH REMHFWV WKDW ZLOO EH XWLOL]HG LQ VRGLXP
FDUERQDWH HQYLURQPHQW $V HOHFWURSODWLQJ WLPH EDWK FRQFHQWUDWLRQ DQG FXUUHQW GHQVLW\ LQFUHDVHV WKHUH LV D
FRUUHVSRQGLQJ LQFUHDVH LQ WKH FRUURVLRQ UHVLVWDQFH FKDUDFWHULVWLFV RI HOHFWURSODWHG 0&6 7KLV LV LQ TXDOLWDWLYH
DJUHHPHQW ZLWKWKHUHFHQWOLWHUDWXUHV
7KLVZRUNLVERUQHRXWRIWKHQHHGWRDVFHUWDLQWKHFRUURVLRQUDWHRI%RLOHUPDWHULDOLQFKHPLFDOVDOWOLNH1D2+

















(OHPHQWV &DUERQ 6XOSKXU 3KRVSKRURXV 0DQJDQHVH 6LOLFRQ ,URQ
&RPSRVLWLRQLQ         5HVW
:HLJKWORVVWHFKQLTXH
7KHH[SHULPHQWVRQ WKHVSHFLPHQVZHUHFRQGXFWHGXVLQJ ZHLJKW ORVV WHFKQLTXH)LJ 7KLV WHFKQLTXH LQYROYHV
H[SRVLQJ D PDWHULDO VSHFLPHQ WR D SURFHVV HQYLURQPHQW IRU D JLYHQ GXUDWLRQ WKHQ UHPRYLQJ LW IRU DQDO\VLV 7KH
UHVSRQVHFDOFXODWHGIURPFRUURVLRQVSHFLPHQLVZHLJKWORVV7KHZHLJKWORVVWDNHVSODFHRYHUWKHSHULRGRIH[SRVXUH
DQG LW JLYHV FRUURVLRQ UDWH ,Q WKLV ZRUN1D2+1D61D&2 VDOWV ZHUH XVHG DV WKH FRUURVLYHPHGLXP0HWDO
VSHFLPHQVZHUHSUHSDUHGLQWKHGLPHQVLRQ RI[[FP$OOVSHFLPHQVZHUHULQVHGWKRURXJKO\ZLWKZDWHU
EHIRUHEHLQJGULHGLQWKHRYHQ7KHLQLWLDOZHLJKWRIWKHVSHFLPHQZDVPHDVXUHGWRDSUHFLVLRQRIPJXVLQJ
HOHFWURQLF ZHLJKLQJPDFKLQH &RUURVLRQ H[SHULPHQWV ZHUH FDUULHG RXW IRU DOO WKH VSHFLPHQV IRU HDFK W\SH RI VDOW
VROXWLRQZLWKYDULRXVFRQFHQWUDWLRQZWZWZWZWZW$IWHUWKHGHVLJQDWHGF\FOHVRU
KRXUVZHUH UHDFKHG WKH VSHFLPHQVZHUH WDNHQ RXW IRU FOHDQLQJ DQG HYDOXDWLQJ &OHDQLQJ LQYROYHV WKH UHPRYDO RI










GLUHFWLRQ RI SRWHQWLDO FKDQJH DOZD\V RSSRVH WKH VKLIW IURP HTXLOLEULXP DQG KHQFH RSSRVHV WKH IORZ RI FXUUHQW
ZKHWKHUWKHFXUUHQWLVLPSUHVVHGH[WHUQDOO\RULVRIJDOYDQLFRULJLQ )RUH[DPSOH ZKHQFXUUHQWIORZVLQDJDOYDQLF
FHOO WKH DQRGH DOZD\VEHFRPHPRUH DQRGLF WKHGLIIHUHQFHRI SRWHQWLDO EHFRPLQJ VPDOOHU WKH H[WHQW RI SRWHQWLDO
FKDQJHFDXVHGE\QHWFXUUHQWWRRUIURPDQHOHFWURGHPHDVXUHGLQYROWVLVFDOOHGSRODUL]DWLRQ?
7R HVWDEOLVK DSRODUL]DWLRQGLDJUDP WKH XVXDO HOHFWURGHV WKDW DUH HPSOR\HG LQ DGGLWLRQ WR WKH HOHFWURGHEHLQJ
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$FFRUGLQJWR1HUQVWµVWKHRU\QRPHWDOVZDVWUXO\LQVROXEOHDQGDOOPHWDOVKDYHDWHQGHQF\WRSDVVLQWRVROXWLRQ
7KXV LIDSLHFHRIPLOGVWHHO LV LPPHUVHGLQOLTXRUVVRPHIHUURXVDWRPVZLOOVKHGWKHLUYDOHQFHHOHFWURQVDQGWKH
SRVLWLYHO\ FKDUJHG IHUURXV LRQ )H JRHV LQWR VROXWLRQ 7KLV OHDYHV DQ H[FHVV RI QHJDWLYH FKDUJH RQ WKH PHWDO
HOHFWURGHRQWKXVDSRWHQWLDOGLIIHUHQFHH[LVWVEHWZHHQWKHPHWDOVDQGWKHVROXWLRQWKHSRVLWLYHO\FKDUJHG)H  DUH
KHOG QHDU WKH QHJDWLYHO\ FKDUJHG PHWDO SLHFH EHFDXVH RI HOHFWURVWDWLF DWWUDFWLRQ 7KH SURFHVV FRQWLQXHV XQWLO DQ
HTXLOLEULXP LV HVWDEOLVKHG ZKHQ WKH QXPEHU RI  )H  LRQV UHWXUQLQJ WR WKH IHUURXV HOHFWURGH DQG UHJDLQLQJ WR
HOHFWURGHVIRUPLQJ)HDWRPVLVHTXDOWRWKHQXPEHURIIHUURXVDWRPVJRLQJLQWRVROXWLRQV)H 
ʹ ൅ 	 ՜ 	ሺሻ 
Ͷ	ሺሻ ൅  ൅ ʹ ՜ Ͷ	ሺሻ 
  ൅   ՜ ʹ ൅  ՛ 
ʹ ൅ 	 ՜  	 ൅  ՛ 
  ൅   ՜ ʹ ൅  ՛ 
7KHIRUHJRLQJFRQFHSWVKDYHGHDOWZLWKHTXLOLEULXPEHWZHHQPHWDOVDQGWKHLUHQYLURQPHQWDODQGSURYLGHDEDVLV
IRUWKHFRQFHSWRIFRUURVLRQWHQGHQF\$WWKLVVWDJHWKHSURFHVVVWRSVXQOHVVWKLVHTXLOLEULXPLVGLVWXUEHGEHWZHHQ
WKHPDWHULDOVDQGHQYLURQPHQWDO FRQGLWLRQ ,WPXVWQRWEHFRQFOXGHGDW WKLVSRLQWKRZHYHU WKDWFRQVLGHUDWLRQVRI






)LJ DE	F :HLJKWORVVS+YDOXHDQG5DWHRI&RUURVLRQ9V9DULRXV&RQFHQWUDWLRQVRQ FKHPLFDOVDOW
,W ZDV REVHUYHG IURP WKH JUDSK DWKDW WKH PDWHULDO ORVV E\ ZHLJKW ZDV LQFUHDVLQJ ZLWK LQFUHDVLQJ WKH
FRQFHQWUDWLRQ RI FKHPLFDO VDOWV 1D2+ 1D6 EXW LQ WKH 1D&2 HQYLURQPHQWDO FRQGLWLRQ WKH PDWHULDO ORVV
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GHFUHDVLQJ LQ WKH ERLOHU PDWHULDO ZLWK OLQHDUO\ LQFUHDVLQJ WKH FRQFHQWUDWLRQ RI WKDW SDUWLFXODU VDOW HQYLURQPHQWDO
$OWKRXJK WKH S+ YDOXH DOVR YDULHGZLWK WKH GLIIHUHQW HQYLURQPHQWDO DQG FRQFHQWUDWLRQ RI FKHPLFDO VDOW DIWHU WKH
PDWHULDOZDVFRUURGHLQWKHVDOWVROXWLRQDVVKRZQLQJUDSKE
,WZDV DOVR REVHUYHG WKDW IURP WKH JUDSK F WKH UDWH RI FRUURVLRQ LQ WKH ERLOHUPDWHULDO ZHUH LQFUHDVLQJZLWK







ZKHQ WKHDSSOLHGFXUUHQW LDSSO LV]HUR7KHZRUNLQJHOHFWURGH LV WKHQSRODUL]HGHLWKHUDQRGLFDOO\RUFDWKRGLFDOO\ WR
HVWDEOLVK RQH RI WKH GDVKHG OLQH LQ )LJ  WKH SRODUL]DWLRQ , WKHQ UHSHDWHG IRU WKH VHFRQG GDVKHG OLQH8VLQJ WKH
SRWHQWLRVWVW WKH SRODUL]DWLRQ PD\ EH DFFRPSOLVKHG HLWKHU LQ VWHSV SRWHQWLRVWDWLFDOO\RU FRQWLQXRXVO\
SRWHQWLRG\QDPLFDOO\+DYLQJ HVWDEOLVKHGĳYV ORJ ,DSSO RQ WKHPRUHQREOH DQGPRUH DFWLYH VLGHVRI WKH FRUURVLRQ
SRWHQWLDOWKHFRPSOHWHSRODUL]DWLRQGLDJUDPLVWKHQFRQVWUXFWHGDVVKRZQLQILJIRUPHWDO 0
,QWKLVV\VWHPWKHR[LGDWLRQUHDFWLRQPD\EHGLVVROXWLRQRIPHWDO
 ՜  ൅  
$QGWKHUHGXFWLRQUHDFWLRQFRXOGEH
 ൅  ՜  
,QDQDHUDWHGQHXWUDORUEDVLFDTXHRXVVROXWLRQWKHUHGXFWLRQUHDFWLRQFRXOGEH
 ൅ ʹ  ൅ Ͷ ՜ Ͷ 
:KHUHDVLQDGHVHFUDWHGDFLGWKHUHDFWLRQFRXOGEH
ʹ ൅ ʹ ՜  ՛ 
&RQFOXVLRQV
,WFDQEHFRQFOXGHGWKDW&KHPLFDOVDOWVDFWDVFRUURVLRQLQKLELWRUVLQERLOHUPDWHULDOIRUPLOGVWHHO7KHLQKLELWLQJ
SURSHUWLHVZHUHLQYHVWLJDWHGIRU ERLOHUPDWHULDOPLOGVWHHO 6$*U7KH UDWHRI FRUURVLRQ DQGLWV SURSHUWLHV
ZHUHGHWHUPLQHGXVLQJWKHZHLJKWORVVWHFKQLTXHDQG3RODUL]DWLRQ7HFKQLTXH 7KHLQKLELWLRQHIILFLHQF\DWGLIIHUHQW
LQKLELWRUFRQFHQWUDWLRQVZDVIRXQGWR YDU\LQJ ZLWK OLQHDUO\ LQFUHDVLQJ WKH FKHPLFDOVDOWFRQFHQWUDWLRQ
,W ZDV REVHUYHG WKDW WKH ERLOHU PDWHULDO PLOG VWHHO 6$  *U SODFHG LQ WKH FKHPLFDO HQYLURQPHQWDO
FRQGLWLRQ ZDV IRXQG WR KDYH D VWHDG\ GHFUHDVH LQ ZHLJKW WKURXJKRXW WKH WLPH EXW WKH UDWH DW ZKLFK WKH ZHLJKW
GHFUHDVHVLQWKHILUVWSHULRGRIWLPHLVKLJKHUWKDQWKHRWKHUSHULRG7KHUHDVRQRIWKLVYDULDWLRQZDVGHSHQGVRQWKH
FRQWDFW VXUIDFHRI WKH VSHFLPHQ LQ WKH FKHPLFDO VDOW7KLV LV GXH WR FKDQJH LQRXWVLGH HQYLURQPHQW KXPLGLW\ DQG
WHPSHUDWXUH RZLQJ WR VHDVRQDO FKDQJH WKDW DURVH EHWZHHQ WKH ILUVW PRQWK DQG WKH UHPDLQLQJ PRQWKV RI WKH




x7KHFRUURVLRQUDWH LQFUHDVHVZLWK LQFUHDVH LQ WKHFRQFHQWUDWLRQRIFKHPLFDOVDOWVXFKDV1D2+1D6DQG WKH
FRUUHVSRQGLQJS+YDOXHDOVRYDULHG
x7KHUDWHRIFRUURVLRQGHFUHDVHGZLWKLQFUHDVLQJWKH FRQFHQWUDWLRQRI1D&2
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